AbSTRACT D-Glucose derivatives 1,2:5,6-di-O-isopropyline-a-D-glucofuranose (1) and 1,2-O-isopropyline-a-D-glucofuranose (2) with Ti(IV) are chiral catalysts in the addition of diethylzinc to benzaldehyde. The Ti(IV)-carbohydrate catalytic system is optimal with excess Ti(IV) and substoichiometric carbohydrate and 2 is the more active chiral catalyst probably because this derivative acts as a bidentate ligand in the proposed reaction. The arrangement of OH groups is crucial in determining the configuration of the alcohol product.
I. INTRODUCTION
Enantioselective addition of organometallic compounds to aldehydes or prochiral ketones is an important synthetic method for preparing enantiopure chiral alcohols, 1,2 which are biologically active natural products, 3 and are precursors of pharmaceutical drugs and insecticides. 4 Direct addition of diethylzinc to aldehydes and ketones is extremely slow, 1-3 but is accelerated by some substoichiometric chiral compounds.
1-3,5,6
For example with a chiral diol and a Ti(IV) salt (eg Ti(O i Pr) 4 ), the reaction gives high yield and enantioselectivity. [7] [8] [9] [10] [11] [12] [13] [14] We have recently catalyzed the homogeneous selective addition of diethylzinc to benzaldehyde 15 . The catalyst was the mixture of 10% mol of a diol derivative of D-xylose (3) relative to the aldehyde with 1 equivalent of Ti(O i Pr) 4 . After acid hydrolysis 1-phenyl-1-propanol was in 90% yield with 45% enantiomeric excess (ee) of the S isomer. Without Ti(O i Pr) 4 this reaction gives low yield and little enantioselectivity. We propose that the catalyst is a dinuclear compound of the Ti(IV)-derivative (3).
The carbohydrate structure was modified in the present work to determine the catalytic capacity of the Ti(IV)-carbohydrate systems in the enantioselective addition of Et 2 Zn to benzaldehyde. The arrangement of OH groups in the carbohydrate derivative was modified from an inner arrangement, external to the furasonic ring of carbohydrate (3), to two OH groups external to that ring (2) . In addition, a study was carried out of the difference between carbohydrates (2 and 3), which act as bidentate ligands in relation to monodentate (1) in the Ti(IV)-carbohydrate Ti(IV)-carbohydrate systems. Finally, the extent to which the Ti(IV)/carbohydrate ratio affects enantioselectivity in the catalysis under study was also investigated.
Enantioselective addition of diethylzinc to benzaldehyde catalyzed by the Ti(IV-carbohydrate ( 1 and 2) system
Compound 1 (OR 2) in variable sub-stoichiometric amounts 0.05, 0.1 and 0.2 mmol (5.0%, 10.0%, and 20.0% mol with respect to benzaldehyde) was in a dry 50 mL Schlenk tube, with a silicone stopper, and air was removed by purging three times with nitrogen under vacuum. The following were then added successively: 0.3 mL (1 mmol) titanium tetraisopropoxide, 2.5 mL dichoromethane, 3 mL (3 mmol) of a 1 mol ·L -1 solution of Et 2 Zn in hexane and finally 0.1 mL (1 mmol) benzaldehyde.
The reaction proceeded with stirring for 3 and 6 hours at room temperature, and was stopped by adding a saturated solution of ammonium chloride (forming ethane and a white precipitate of zinc oxide). The mixture was transferred to a separatory funnel and the product was extracted with three 10 mL portions of ethyl ether, and dried with anhydrous MgSO 4 . The organic phase was used to analyze and quantify the products obtained in each reaction.
Catalysis Product Analysis and quantification
A sample, 0.4 μL, was injected into an HP 5890 series II gas chromatograph equipped with an Allchrom plus program and a methylsilicone-gum-type 5 m x 0.53 mm x 2.65 μm column. Working conditions were:
Initial temperature, 100 °C; initial time, 5 min; rate, 20 °C/min; final time, 18 min; pressure, 10 psi.
tR(benzaldehyde) = 7.8 min tR(1-phenyl-1-propanol) = 11.9 min Conversion % was determined from the ratio of areas of product and benzaldehyde peaks.
Enantiomeric excess was determined with a Supelco b-Dex 120: 30m x 0.25mm x 0.25 μm chiral capillary column. Working conditions were:
Starting temperature, 100ºC; starting time, 0 min; temperature gradient, 1º C / min; pressure, 10 psi.
Enantioselectivity (%ee) was determined from the respective areas of peaks of R and S of the chiral alcohols.
The dominant configuration of the products was given by the sign of the optical rotation measured at 20 ºC on a Perkin Elmer PE 241 polarimeter with the literature data.
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RESULTS AND DISCUSSION
Enantioselective addition of diethylzinc to benzaldehyde catalyzed by the Ti(IV)-carbohydrate (1 and 2) systems Table 1 summaries the most important results in enantioselective addition of Et 2 Zn to benzaldehyde catalyzed by Ti(IV) and derivatives 1 and 2, synthesized following the literature method 16 were used in substoichiometric amounts of mol 5.0%, 10.0%, and 20.0% relative to benzaldehyde with or without Ti(IV). The solvent was CH 2 Cl 2 , previously found to be the most adequate for the Ti(IV) plus derivative 3 system). 15 In this preliminary study it was also shown that catalysis was effective at room temperature and reaction
Experimental
All reagents and solvents were analytical grade. Carbohydrate 1 was from Aldrich. Carbohydrate 2 was synthesized according to the literature procedure. 16 times of 3 to 6 h which gave a high conversion of benzaldehyde into 1-phenyl-1-propanol. The longer reaction times allowed decomposition of the chiral alcohol (Table 1) .
The absence of carbohydrates 1 and 2 decreased conversion of benzaldehyde to 1-phenyl-1-propanol, reaching 45% at 6 h reaction time (Table 1) . Without Ti(IV) this conversion is less than 10% after 6 h .
The Ti(IV)-carbohydrate 1 and 2 catalytic systems 2 increased conversion which was independent of the utilized concentration of derivatives 1 or 2, giving > 90 % conversion after 6 h , as previously found for the Ti(IV)-carbohydrate 3 system. 15 All the reactions under study show a high conversion of benzaldehyde to 1-phenyl-1-propanol with Ti(IV) and derivatives 1 or 2 ( Table 1) . The yield was independent of the OH group arrangement or of the carbohydrate being a monodentate (1) or bidentate (2 and 3) ligand. Therefore a high conversion rate of benzaldehyde to 1-phenyl-1-propanol in this reaction requires the simultaneous presence of Ti(IV) and derivative 1 or 2.
However, all the Ti(IV)-carbohydrate 1 or 2 systems were enantoselective catalysts for Et 2 Zn addition to benzaldehyde (Table 1) . Without carbohydrates 1 and 2, the reaction gave very low enantioselectivity (entries 1 and 5 Table 1 ). Without Ti(IV), enantioselectivity was very low. Carbohydrate 1 plus Ti(IV) as catalyst gave a maximum enantioselectivity (35% ee) with 0.1mmol (10% mol of derivative 1) and 1 mmol Ti(IV) after 6 h (entry 7, Table 1 ). A smaller amount of derivative 1(5% mol) slightly decreased enantioselectivity (31% ee) (entry 6, Table 1 ) while an increase in derivative 1 (20%mol) had no significant effect on the enantioselectivity (entry 8, Table 1 ). Derivative 2 gave higher enantioselectivity than carbohydrate 1, reaching maximum enantioselectivity (57% ee) with 10% mol of derivative 2 (entry13, Table 1) A smaller (5% mol) or larger (20% mol) amount of derivative 2 slightly decreased enantioselectivity in both cases, reaching 48% ee at 6 h reaction time (entry 12, Table 1), i.e., than that with the Ti(IV)-carbohydrate 1 system. These results are similar to those obtained with the Ti(IV)-derivative 3 catalytic system, which gave a maximum enantiomeric excess of 45%, 15 indicating that for maximum ensntioselectivity, the Ti(IV)-carbohydrate catalytic system must contain a bidentate ligand (2 or 3). The possible dinuclear catalyst, Ti(IV)-carbohydrate (2 or 3) (Scheme 1) generated within the reaction should be rigid, enhancing steric and electronic factors favoring a predominant configuration of the resulting 1-phenyl-1-propanol. The probable mechanism is shown later. .
All the Ti(IV)-carbohydrate catalytic systems 1 or 2 preferably gave R 1-phenyl-1-propanol (Table 1 ), unlike that with the Ti(IV)-derivative 3 system, where the prevailing configuration of 1-phenyl-1-propanol is S, 15 indicating that in the Ti(IV)-carbohydrate (2 or 3) (Scheme 1) the arrangement of OH groups of carbohydrate (2 or 3) determines the configuration (R or S) of 1-phenyl-1-propanol.
The effect of the Ti(IV)/carbohydrate ratio on % ee is shown in Figure 1 . The Ti(IV)-carbohydrate (2) system was chosen because it produced the highest enantioselectivity in the reactions studied (Table1). At Ti(IV)/derivative 2 ratios between 0 and 3, enantioselectivity is only 10 %ee, between 3 and 10, it increases to a maximum, and higher ratios slightly decrease enantioselectivity. With the Ti(IV)/carbohydrate ratio of 10, the maximum enantioselectivity was obtained in all the reactions examined (Table1). These results are consistent with those in the literature, 9, 10 and existence of the Ti(IV)-carbohydrate 2 dinuclear catalytic species (Scheme 1).
Entry
Reaction Table 1 at 6 h reaction time.
Probable reaction mechanism in enantioselective addition of Et 2 Zn to benzaldehyde catalyzed by the Ti(IV)-derivative 2
In the probable reaction mechanism in enantioselective addition of Et 2 Zn to benzaldehyde, starting from dimer I (similar compounds are described in the literature) (Scheme 2), 9-15 dinuclear III would result. This compound would react with 1 mol benzaldehyde to form dinuclear IV. Here, the ethyl group would be preferably transferred to one of the faces of the carbonyl group of benzaldehyde. This would be determined by the position adopted by the carbohydrate in IV. This position would be caused by the different arrangement of the OH groups present in carbohydrates (2 and 3) . On the other hand, the possible IV with carbohydrate 1 would be flexible, as a result of 1 being coordinated by only one OH. This would facilitate the ethyl group attack on both faces of the carbonyl group of benzaldehyde, thus producing a decrease in the reaction enantioselectivity. A rearrangement in IV would generate IV, which in turn would produce (PhEtC-O)Ti(O i Pr) 3 and ½ mol dimer I. Regeneration of dimer I would cause the complete start of the catalytic cycle, which would repeat itself until the reaction were stopped by acid hydrolysis and 1-phenyl-1-propanol were produced in a predominant configuration.
Scheme 2 CONCLUSIONS
The catalytic systems of derivatives 1 and 2 and Ti(IV) give high conversion of benzaldehyde to 1-phenyl-1-propanol. The presence of Ti(IV) allows a high yield in the reaction . However, the presence of derivatives 1 and 2 controls the enantioselectivity. The high conversion and moderate stereoselectivity involve the formation, within the reaction, of catalytic dimeric species of the type Ti(IV)-carbohydrate 1 or 2. The Ti(IV)-carbohydrate 1 or 2 are efficient in enantioselective addition of Et 2 Zn to benzaldehyde with excess of Ti(IV) relative to derivative 1 and 2 (10-fold) and with substoichiometric amounts of derivatives 1 and 2 (10% mmol relative to aldehyde). Under these conditions, the Ti(IV)-carbohydrate catalytic dinuclear species would be preferred in relave to other metal complexes which do not catalyze the reaction. The highest enantioselectivity was with the Ti(IV)-carbohydrate 2 system, where carbohydrate 2 is a bidentate ligand. The arrangement of OH groups of carbohydrate (2 or 3) was crucial in determining the R or S preference of 1-phenyl-1-propanol.
